Abstract-This paper presents a method for an online real-time electrochemical impedance spectroscopy (EIS) measurement of batteries using closed-loop control of power converter. Unlike the previously proposed method which allows the measurement of the ac impedance for a single frequency, the presented method in this paper allows for obtaining the EIS for a spectrum of frequencies by using the information included in a single perturbation cycle, or a few cycles of perturbation to obtain a more accurate EIS with a very wide frequency range. This will result in faster EIS measurement for a spectrum of frequencies and under the same battery operating conditions. The presented method utilizes closed-loop control operation for the EIS measurement functionality, which allows for better control of the output voltage and for upgrading the concept to be able to achieve no added perturbation ripple at the output of the system. The presented online real-time EIS measurement method utilizes a power converter with closed-loop control in order to create an output voltage step-function perturbation at a given frequency to generate battery voltage and current responses. By applying Fourier analysis to these responses, an EIS can be obtained for a range of frequencies equal or higher than the perturbation frequency of the step function. In addition, this paper presents a method to eliminate the added perturbation ripple when two or more power converters are used. The theoretical basis and experimental prototype results are provided to illustrate and validate the presented method.
I. INTRODUCTION
T HE increasing demand for increased mobility, renewable energy sources adoption and integration, and reduced greenhouse emissions have resulted in higher demands for batteries and battery systems that are more reliable and have longer life, higher densities, and/or lower cost [1] - [4] . These batteries and battery systems are critical in many applications that include but are not limited to portable electronics, electric and hybrid-electric vehicles, residential and commercial renewable energy systems, and smart grid [1] - [4] . Electrochemical impedance spectroscopy (EIS) is one of the most common methods used to characterize the performance of batteries [5] - [9] . The method measures the ac complex impedance values of a battery for a range of frequencies [10] - [14] . Researchers over the past few decades have studied EIS for different types of batteries, such as lithium-ion (Li-Ion) batteries, and were able to deduce several methods to evaluate the characteristics of these batteries, such as their state-of-charge (SOC) and state-of-health (SOH) [15] - [18] . The SOH of a battery is a figure of merit of the condition of a battery compared to its ideal condition [19] - [23] . As the battery ages, the SOH becomes lower than 100%. The impedance of the battery is one of the parameters that can be used to indicate SOH [9] , [10] , [21] - [23] . While the complete EIS shape/nature can provide information on the age of the battery, in general, it can be said that the impedance of the battery tends to increase at certain frequencies as the battery ages.
In some monitoring and control methods for battery systems, the knowledge of the EIS within a specific range is desired. For example, the optimal charging strategy discussed in [24] utilizes the knowledge of the frequency at which the impedance magnitude of the battery becomes minimum. A second example is as in [25] where the internal battery temperature is related to the magnitude and/or phase of the impedance within a certain frequency range. A third example is as in [26] where it would be of benefit to obtain the frequency at which the impedance becomes resistive (when the impedance angle is equal to zero) for improved SOC estimation.
Unfortunately, measuring the EIS of a battery usually has one or more of the following drawbacks or shortcomings: 1) It is usually done offline and not under the real conditions of operation of the battery, 2) it affects or interrupts the normal operation of the system if it is to be done online, and/or 3) it requires specialized equipment or circuitries to perform EIS measurements.
In [10] , for example, an online ac impedance measurement method for batteries is presented. The method generates a sinusoidal perturbation of the voltage and the current of the battery at a given frequency by sinusoidally perturbing the duty cycle of a dc-dc power converter around its dc value which is needed to achieve a given output voltage. The measured magnitude and phase of the ac component of the voltage and current of the battery are then used to calculate the impedance based on (1) . In this way, the power converter used to regulate the voltage at the load is also utilized for ac impedance measurement of the battery
where f p is the perturbation frequency, V ac (f p ) and I ac (f p ) are the peak values (amplitudes) of the ac components of the voltage and the current of the battery at f p , respectively, and
is the phase of the impedance at f p which is the phase shift between the voltage and current of the battery.
Other example references which have discussed the online ac impedance measurement of batteries with sinusoidal perturbation include [27] - [29] . In [27] , a battery charger, a balancing circuit, and the dc/dc or dc/ac converter of uninterruptable power supply system are utilized to generate a sinusoidal excitation current through the battery cells, and the voltage and current responses are measured to calculate the impedance for each sinusoidal frequency. Koch et al. [27] also discuss filter design optimization of the power converter using a harmonic distortion analysis. In part of [28] and [29] , the theoretical basis of the sinusoidal perturbation concept, similar to the one presented in [10] and [27] , is discussed.
While the method presented in [10] has the advantages of being able to measure the ac impedance of a battery without interrupting the system operation, without the need for additional signal injection circuits, and under the real operating conditions of the battery, it has two shortcomings. The first shortcoming is that this method allows for the measurement of the impedance for only one frequency at a time. This means that measuring an impedance spectrum for a range of frequencies would need to be done sequentially and would require extended time. It also means, especially for a wide frequency range, that the operating conditions of the battery (e.g. temperature, SOC, current, and voltage) might have changed and are different when the measurements are done for different frequencies which leads to impedance values that are not consistent (do not represent an EIS under the same set of conditions). The second shortcoming is that this method results in added sinusoidal ripple at the output voltage, which even it might be relatively small, it might not be desirable in some applications or designs.
This paper presents a modified method which allows for EIS measurements for a spectrum of frequency values (several frequencies) at the same time within one perturbation cycle. This facilitates obtaining the ac impedance values for a window of frequency range that is of interest during online operation of the battery system using a single perturbation cycle or a few cycles when the EIS is needed for wider frequency range or with higher frequency resolution. Instead of sinusoidally perturbing the open-loop duty cycle of the converter, the presented method applies a step-function perturbation to the reference voltage of the closed-loop controller which regulates the output voltage.
This allows for extracting the impedance values for a range of frequencies in addition to allowing tight control of the output voltage. Moreover, this paper presents a method which eliminates the added perturbation ripple at the output voltage of the converter for a battery system that includes two or more batteries and two or more power converters. It should be noted that what is meant by "obtaining an impedance spectrum by using a single perturbation cycle" is that the impedance values at several frequency values are obtained by using the information contained within (during) the response time of one perturbation cycle, which results in consistent impedance spectrum data points under the same operating conditions of the battery.
Section II describes the presented EIS measurement method and related analysis for a single battery with a single power converter. Section III discusses the utilization of the method to measure the EIS for each individual battery cell in a battery string by using only one power converter and presents a method which can be used to eliminate the added perturbation ripple by using two power converters. Section IV presents sample proofof-concept (POC) experimental prototype results. Section V provides a brief discussion that is related to the accuracy of measurements and digital hardware, and Section VI concludes this paper. Fig. 1(a) shows an illustration diagram of a bidirectional dc-dc boost/buck power converter with the single-frequency online ac impedance measurement method presented in [10] . (2) and illustrated in Fig. 1(b) , where f p is the perturbation frequency of the step function When a digital controller is used, the voltage and the current of the battery are sampled by an analog-to-digital converter (ADC). By applying a discrete Fourier transform (DFT) analysis [30] - [32] to the measured voltage and current, the amplitudes of frequency components of the voltage (
II. EIS MEASUREMENT METHOD
can be obtained as given by (3) . Equation (4) can then be used to calculate the EIS for a range of frequencies
where N is the number of samples in the measured and sampled signal (voltage and current of the battery in this paper), n is the current sample under consideration (0, 1, . . . , N − 1), x n is the value of the signal (voltage or current of the battery in this paper) at time n, k is the frequency under consideration, and X k is the value of the signal (voltage or current of the battery in this paper) at frequency k which is a complex number that includes the amplitude and phase information of the signal at frequency k. X k provides the information of V ac (f r ), I ac (f r ), and
where
is the voltage value of the battery at frequency k which is a complex number that can be obtained by using (3), and I k is the current value of the battery at frequency k which is a complex number that can be obtained by using (3) . It should be noted that while the behavior of the battery is nonlinear, DFT analysis can be used because the impedance during the perturbation cycle is measured under a specific/current steady-state condition of the battery, i.e., under fixed SOC, SOH, and temperature, among others. This is also the case in conventional EIS measurements for batteries or other devices (e.g. supercapacitors and solar cells), including those that use equipment for offline measurements. When the steady-state condition of the battery varies (with different SOC, SOH, and/or temperature), a new impedance value or spectrum can be obtained.
For example (for illustration only), applying DFT analysis to the voltage and the current shown in Fig. 5 (a) and using (4) yields the EIS results shown in Fig. 5 (b) (amplitude and phase) at the fundamental frequency f p = 200 Hz and odd harmonic frequencies 3f p = 600 Hz, 5f p = 1 kHz, 7f p = 1.4 kHz, 9f p = 1.8 kHz, 11f p = 2.2 kHz, 13f p = 2.6 kHz, 15f p = 3 kHz, 17f p = 3.4 kHz, and 19f p = 3.8 kHz. In this example, the EIS is obtained for a specific frequency range of interest using f p = 200 Hz. The value of f p can be adjusted to yield the EIS results for variety of frequency ranges. The following should be noted.
1) Because the resulted responses of the voltage and the current of the battery are half-wave symmetric functions (f (t) = −f (t − T /2), only odd harmonics exist (no even harmonics) [32] . Therefore, the impedance values can be obtained at the fundamental frequency and at the odd harmonic frequencies, but not at the even harmonic frequencies. 2) As the harmonic frequency value becomes larger, the amplitude values of voltage and current become smaller (a smaller fraction of the amplitudes at the fundamental frequency). This might impact the accuracy of the impedance values at higher harmonic frequencies. Therefore, up to which high harmonic frequency is acceptable to use is based on the desired accuracy and given a specific digital hardware specifications. Section V gives additional brief discussion that is related to the accuracy of measurements and digital hardware.
3) The perturbation step size V o−ref −AC−step can be increased in order to yield larger voltage and current amplitudes at higher harmonic frequencies, which supports higher accuracy. However, larger perturbation step size would result in larger peak voltage and peak current responses, and, therefore, V o−ref −AC−step should be selected such that the specified ratings of the battery are not exceeded. The measurement time needed is given by (5) and for the f p = 200 Hz example it is T meas−step = 5 ms. If sequential sinusoidal perturbation is used, then the needed measurement time would be longer as ideally given by (6) , which is in this example equal to T meas−sin = 11 ms. Practically, T meas−sin would be much longer than this value obtained from (6) because the controller has to switch between several sinusoidal perturbations frequencies which might require additional time to reach steady-state operation
If the frequency resolution in the previous example is not sufficient and additional points are needed within the range of 200 Hz to 1.9 kHz, another step-function perturbation cycle with an appropriate frequency can be used. For example, f p = 100 Hz can provide additional EIS data points at frequencies 100 Hz, 300 Hz, 500 Hz, 700 Hz, 900 Hz, 1.1 kHz, 1.3 kHz, 1.5 kHz, 1.7 kHz, and 1.9 kHz.
If the desired EIS range is wider, then several step-function closed-loop perturbation cycles can be activated/used by the controller. For example, if the EIS is desired for the range of 10 Hz to 9 kHz, f p1 = 10 Hz, f p2 = 100 Hz, f p3 = 200 Hz,f p4 = 400 Hz, and f p5 = 1 kHz can be used. The results for this example are shown in Section IV. As discussed earlier, if higher frequency resolution is needed within certain range, an additional perturbation cycle can be added. Even when the EIS information is obtained from several step-function perturbation cycles with different frequency values, the needed measurement time is less compared to when using the sinusoidal perturbation method presented in [10] , which yields EIS under more uniform battery conditions.
III. EIS FOR A MULTICELL BATTERY SYSTEM
The method presented in the previous section can be used to measure the individual EIS of each battery cell in a multicell battery system. As illustrated in Fig. 2 for several cells that are connected in series, the step-function closed-loop perturbation of the output voltage in an h-cell system will result in h-battery voltage responses and one battery current response (current is equal for all cells that are connected in series). Therefore, there is a need to measure h+1 signals for an h-cell battery system in order to obtain the individual EIS for each battery cell in the system using the process described in the previous section.
Larger output voltage closed-loop perturbation step size (larger V o−ref −AC−step in (2)) might be desired (up to a reasonable limit of course which will not stress the system components or exceed their operational limits). This is because larger step size will lead to stronger/larger response in terms of magnitude and duration for the voltage and current of the battery which will result in more accurate results for the same ADC resolution (or quantization error) and sampling rate. While a step-function perturbation step size V o−ref −AC−step of 10-50 mV might be sufficient in many cases, 100 mV or larger step size will lead to more accurate results for a wider EIS range at lower frequencies. However, larger step size has the disadvantage of larger added/induced voltage ripple at the output or load of the power converter (or bus voltage of the battery system).
In order to solve the additional induced perturbation ripple issue, a ripple cancelation method can be used which applies to a battery system with two or more power converters. As illustrated in It should be noted that two power converters are sufficient to achieve induced ripple cancelation for a system with any number of batteries or battery cells, odd or even, while still being able to measure the impedance for each battery cell. Using the same method described in Section II and Fig. 2 , groups of battery cells can be connected at the input of each of the two converters. For example, if the system has h = 10 cells, five battery cells can be used at the input of each power converter as in Fig. 2 and the two converter outputs can be connected in series as in Fig. 3(a) . This is illustrated in Fig. 4 .
When comparing the use of two power converters (see Fig. 4 ) to the use of a single power converter (see Fig. 2 ), each of the two power converters is required to handle only half of the power that the single power converter is required to handle. Similarly, if more converters are used, the required power capability will be divided (distributed) among the converters. It should also be noted that if the efficiency of each of the lower power dc-dc converters is the same as the efficiency of the single larger dc-dc power converter, the total system efficiency in both cases would be equal, and, therefore, the total power/energy loss would also be equal.
IV. POC EXPERIMENTAL PROTOTYPE RESULTS

A. EIS for Single Battery Using Single Converter
A POC experimental prototype is built in the laboratory in order to test and evaluate the concepts discussed throughout this paper. The POC prototype includes a dc-dc boost power converter as illustrated in Fig. 1 . The input for the power converter is from a 2.6-Ah 18650-size cylindrical lithium-ion battery cell with a nominal voltage of 3.7 V [33] . Other main specifications of interest for the power converter are: V o = 8 V output voltage, 4.7 μH power inductor value, 120 μF input and output capacitor values, and a switching frequency of 200 kHz. The digital controller is realized using the TMS320F28335 microcontroller which includes a 12-bit 12.5 M sample/s multi-channel ADC [34] . Unless otherwise indicated, the presented results are obtained under 0.2C (0.52 A) discharge rate and starting with ∼100% SOC value.
It should be noted that practically, in order to obtain accurate impedance spectrum results, once the perturbation function is activated, the information of the first few perturbation cycles is not used to obtain the impedance in order to guarantee a steadystate condition. After this, the measured voltage and current during a single perturbation cycle can be used to obtain an impedance spectrum.
1) EIS from a Single Perturbation Cycle:
A small to medium frequency range EIS can be obtained using one cycle of output-voltage step-function perturbation. This might be of interest in some applications as discussed in Section I and [24] - [26] . Fig. 5 shows the results for when the step-function perturbation frequency of the output voltage is f p = 200 Hz. Fig. 5(a) shows sample waveforms for the output voltage, the voltage of the battery, and the current of the battery (several cycles are shown even though one cycle is needed to obtain the EIS). Fig. 5(b) shows the resulted EIS magnitude and phase obtained from the DFT analysis discussed earlier in the paper. The EIS is plotted for ten frequencies: 200 Hz, 600 Hz, 1 kHz, 1.4 kHz, 1.8 kHz, 2.2 kHz, 2.6 kHz, 3 kHz, 3.4 kHz, and 3.8 kHz. From the results, it can be approximated that the minimum impedance is ∼71.8 mΩ which occurs at ∼1.8 kHz frequency and that at ∼0.8 kHz, the impedance becomes resistive and equals to step-function perturbation cycle at different frequency can be activated (search process).
2) Wide Range EIS From Multiple Cycles/Frequencies: As discussed earlier in this paper, EIS for wide range of frequencies can be obtained by using impedance information from several step-function perturbation cycles each at a different frequency. Figs. 6 and 7 show an example for such case. The step-function closed-loop perturbation frequencies used are f p1 = 10 Hz, f p2 = 100 Hz, f p3 = 200 Hz f p4 = 400 Hz, and f p5 = 1 kHz. Fig. 6 shows the resulted waveforms for f p2 = 100 Hz and f p5 = 1 kHz as examples. Fig. 7(a) shows the magnitude and phase of the EIS from 10 Hz to 9 kHz, and Fig. 7(b) shows the EIS Nyquist plot (complex plane). Fig. 7 also shows the EIS measurements obtained using sinusoidal perturbation method for comparison with the results obtained using the step-function perturbation method of this paper. It can be observed that the results of both methods match well. For this specific experimental prototype and results, the maximum difference in impedance magnitude between the two methods is less than 3% for the complete EIS range and for most of the EIS range the difference is less than 0.7%. It is expected that by increasing the digital hardware resolution, the difference between the two methods will be reduced especially because this would provide higher accuracy at higher order harmonics which have smaller magnitudes. Fig. 7(c) shows EIS Nyquist plots for the EIS results (20 Hz to 9 kHz) obtained by using E4990A equipment [35] , [36] in addition to the results obtained by using the step-function perturbation method. It can be observed that the two curves and their trend show a good match.
B. EIS for Multiple Batteries Using One Power Converter
Using the same POC experimental prototype specifications Section IV-A, two battery cells that are connected in series are used as an input to a single power converter as in Fig. 2 . A new battery cell and an older battery cell, which has been charged/discharged 90 times, have been selected for this experiment in order to illustrate how the EIS method is able to measure two different EIS data for two battery cells that have different SOH (or different ages). Fig. 8 shows the EIS results using a 200 Hz output voltage step-function perturbation. It can be observed that the older battery cell has higher impedance magnitude values within the frequency range of 200 Hz to 3.8 kHz. This is expected because impedance magnitude tends to increase as a battery cell ages. As described in Section III, the EIS results for each of the two battery cells are obtained by measuring and analyzing one common current and two individual voltages for the two batteries.
C. Ripple Cancelation Control for EIS With Multiple Batteries Using Two Converters
Using the same POC experimental prototype specifications of Section IV-A, the output of two converters is connected in series as in Fig. 3 . The total output/bus voltage is regulated at Fig. 7 . Wide frequency range EIS results: (a) magnitude and phase (10 Hz to 9 kHz) using both step-function perturbation method and sinusoidal perturbation method for comparison, (b) Nyquist plot (10 Hz to 9 kHz) using both step-function perturbation method and sinusoidal perturbation method for comparison, and (c) Nyquist plot using both stepfunction perturbation method (10 Hz to 9 kHz) and E4990A equipment (20 Hz to 9 kHz) [35] , [36] for comparison.
V bus = V o = 16 V. The EIS measurement with ripple cancelation controller described in Section III and illustrated in Fig. 3 is used. Fig. 9(a) shows the waveforms for the output voltage of each converter and the total output voltage under step-function perturbation of the output voltage reference for each of the two power converters. It can be observed that while there is stepfunction perturbation ripple at the output of each converter, the total output voltage is perturbation ripple free and only has the normal switching ripple. Fig. 9(b) shows the results when the perturbation is disabled, which shows that the total output voltage ripple values in both cases, with and without perturbation, are almost the same.
Therefore, while perturbation ripple might be relatively small (which is less than ±1% for 0.15-V perturbation step size and 8-V output voltage), there is a way to eliminate it or at least reduce it using the cancelation method. It should be noted that the output voltage with 0.15-V step size is 8 ± 0.075 V, i.e., the output voltage varies by ±75 mV. Fig. 10 shows the EIS results under different SOC values (100% SOC, 60% SOC, and 20% SOC). The step-function closed-loop perturbation frequencies used are f p1 = 10 Hz, f p2 = 100 Hz, f p3 = 200 Hz, f p4 = 400 Hz, and f p5 = 1 kHz (same as the ones used to obtain Fig. 7) . Fig. 10(a) shows the EIS magnitude and phase, and Fig. 10(b) shows the EIS Nyquist plot (complex plane). It can be observed that the EIS magnitude increases and the Nyquist plot shifts to the right as the SOC value decreases. The results show that the EIS curves, which are obtained by using the online step-function perturbation method, vary under different SOC values. Fig. 11 shows the EIS results under different discharge rates (0.2C, 0.5C, and 1C). Fig. 11(a) shows the magnitude and phase of the EIS, and Fig. 11(b) shows the Nyquist plot (complex plane) of the EIS. The results do not show that the EIS changes significantly as a function of the discharge rate (dc current value in the battery cell). The small difference in the EIS at different discharging rates could be because of the small difference in SOC value and/or difference in temperature as a result of different discharge rates. Small measurement errors as a result of finite ADC resolution could also be a contributing factor to this difference.
D. Additional Results
V. COMMENTS RELATED TO ACCURACY OF MEASUREMENTS AND DIGITAL HARDWARE
The objective of this section is to briefly discuss the accuracy of measurements and results as a function of the specifications of the ADC and harmonics order and some guidelines for impedance measurement using a step-function perturbation method. The specifications of the ADC which is used to sample the voltage and current of the battery have the major effect on the accuracy of the EIS. The ADC has a finite sampling rate and a finite resolution (number of bits) which affect the accuracy of the measurements. While there are other ADC specifications that affect accuracy, such as linearity and dc offset of the ADC, the rest of this section focuses on briefly discussing the effect of the finite sampling rate and resolution of the ADC.
It is well known and documented in the literature [30] , [37] that, in general, the accuracy of the DFT is a function of the number of sample (in other words, sampling rate of the ADC). Therefore, as a starting point for the digital hardware design, in order to calculate the DFT accurately from the samples obtained by an ADC, the sampling rate should be high enough in order to obtain an accurate representation of the voltage and current waveform shapes (and frequency content) of the battery. Therefore, it is important to use sampling rate that is at least hundreds of times larger than the highest frequency of interest. For example, when the highest frequency of interest is 9 kHz, the use of sampling rate f sample = 5 Msample/s provides f sample > 500 × f p−max which generate very accurate representations for the waveform shapes of the voltage and current.
Assuming that the sampling rate is sufficiently high as discussed above, the accuracy becomes a function of the resolution of the ADC, or in other words, a function of the number of bits of ADC which determine the quantization error [10] , [37] . The quantization error affects the accuracy of the measured samples. In this paper, the accuracy is also a function of the harmonic order because the amplitude of the harmonic is inversely proportional to its order. Therefore, the designer should select the number of bits of the ADC based on the smallest expected harmonic amplitudes for the voltage and current. The relationship between the quantization error of the measured voltage and current and the quantization error in each harmonic might not be linear or straightforward. Therefore, the best way to determine the needed number of bits of ADC for a desired maximum error in the EIS might be to obtain experimental measurement for a specific experimental setup with a specific battery and power converter. Unlike the step-function perturbation method, the sinusoidal perturbation method of [10] does not ideally suffer from the accuracy being a function of the harmonic order because the amplitude of the sinusoidal perturbation can be kept same for all perturbation frequencies. Therefore, the EIS measurement using the sinusoidal perturbation method of [10] can be used to evaluate the possible reduction in the accuracy of the EIS at higher harmonics for the step-function perturbation method (using the same exact hardware) in order to make determination on the needed number of bits of the ADC. Based on the impedance measurement difference between the experiment results from the sinusoidal perturbation method and the stepfunction perturbation method, it can be determined up to which harmonic order should be used for impedance calculation in order to yield a desired accuracy. Alternatively or additionally, an accurate impedance analyzer which has acceptable accuracy for the impedance range of interest can be used for evaluation, if available. It should be noted that the practical accuracy of an impedance analyzer is not only a function of manufacturer specified error range, but also based on other factors such as calibration accuracy by the user, and it is challenging to make very small error for impedance measurement in the range of tens of milliohms By using a 12-bit ADC in the experimental setup of this paper, it appears that the accuracy of the results obtained by using the step-function perturbation at the ninth harmonic has less than 3% difference from the results obtained by using the sinusoidal perturbation method with the same ADC and hardware.
Even though the step-function perturbation method has the drawback of possible reduced accuracy at harmonics with higher order, which means it might require an ADC with larger number of bits and/or higher sampling rate, it has the advantage of being able to capture an EIS from one perturbation cycle which provide EIS data under the same battery condition (e.g., same SOC and temperature). This is an important advantage because for online EIS application, the battery condition can quickly change. From this point of view, the step-function perturbation method might provide an EIS with more consistent data points (and probably, a more accurate EIS) when the battery is being charged and discharged at different rates.
If it is desired to increase the accuracy of impedance measurements using higher order harmonics, there are two approaches which can be used. One approach is to increase the perturbation magnitude of the step function, which yields larger voltage and current magnitudes in the responses. However, this can be used while not exceeding the maximum specified voltage and current ratings of the battery. The other approach is to use an ADC with larger number of bits and higher sampling rate in order to lower the error in the measurements and the DFT analysis, which has the disadvantage of increased hardware cost.
It should be noted that the step-function perturbation method is especially a good candidate for use when the online change of the EIS is of interest within a specific range of frequencies in order to perform battery power management system functions, such as battery aging/deterioration detection (e.g., Fig. 8 ) and detection of the frequency at which the impedance is minimum for optimal charging strategy as in [24] , among others [24] - [26] .
VI. CONCLUSION
The presented method of output-voltage closed-loop stepfunction perturbation control of a dc-dc power converter allows for online measurement of impedance values over a spectrum of frequencies using the information contained in one perturbation cycle while maintaining the regulation of the dc value of the output voltage. Compared to the sinusoidal perturbation method which allows for the measurement of the impedance for a single frequency during one perturbation cycle, the step-function method allows for measuring several impedance values during one perturbation cycle for several frequencies that include the fundamental frequency of the step function and several of its harmonic frequencies. A selection of several step functions with several fundamental frequencies can be used to obtain wider impedance spectrum if desired.
Measuring the impedance for several frequencies within one perturbation cycle not only has the advantage of shorter online measurement time, but also it has the advantage of yielding impedance values for several frequencies under the same operating conditions and battery conditions before they change (e.g., same load, same temperature, same SOC). A third advantage is that realizing a step-function perturbation is simpler than realizing a sinusoidal perturbation because the step-function perturbation requires switching the reference voltage between only two values. A fourth advantage is that it is easier and more effective to utilize perturbation ripple cancelation techniques at the output of the power converter when the perturbation is a step function compared to when the perturbation is sinusoidal.
If it is desired to eliminate the perturbation ripple resulting from the step-function perturbation of the output voltage, the output of two power converters can be connected in series while shifting the step-function perturbation of the reference voltages by 180°(see Figs. 3 and 4) . One power converter is sufficient to measure the impedance for several batteries (see Fig. 2 ) if step-function perturbation added ripple is acceptable for an application and two power converters (in order to achieve ripple cancelation) are sufficient to measure the impedance for several batteries (see Fig. 4 ) if the added perturbation ripple is not acceptable for an application. In the case when two or more power converters are used, the power capability required by each of the converters is smaller compared to the case when using one power converter.
In general, developing improved, simpler, and/or cheaper methods which allows for obtaining online EIS measurement open the door for future research and developments that potentially can lead to better SOH and SOC estimation in battery systems. The main contribution of this study supports such direction of research and development.
